Shewanela putrefaciens 200 is an obligate respiratory bacterium that can utilize a variety of terminal electron acceptors, e.g., N03-, N02 , Fe(III), and trimethylamine N-oxide, in the absence of 02. The bacterium catalyzed the reductive transformation of tetrachloromethane (CT) under anaerobic conditions. The only identified product was trichloromethane (CF), but CF production was not stoichiometric. No dichloromethane, chloromethane, or methane was produced. A chloride mass balance indicated that fully dechlorinated products were not formed. Studies with [14CJCT suggested that a portion of the transformed CT reacted with biomass to form unidentified soluble and insoluble products. Intermediate production of a trichloromethyl radical can explain observed product distribution without significant CO2 formation. Evidence suggests that respiratory c-type cytochromes are responsible for the dehalogenation ability of S. putrefaciens 200. Previous growth under microaerobic conditions ([O21, <2.5 ,uM) results in (i) a 2.6-fold increase in specific heme c content and (ii) a 2.3-fold increase in specific rates of anaerobic CT transformation. Manipulation of heme content by growth on iron-free medium or medium amended with 8-aminolevulinic acid showed that CT transformation rates increase with increases in specific heme c content. Transformation of CT is inhibited by CO. Dehalogenation studies with periplasmic, cytoplasmic, and membrane fractions indicated that only periplasmic and membrane fractions possessed dehalogenation ability. Cytochromes c were the predominant cytochromes present.
couples growth to the reductive dechlorination of PCE. In cases in which pure cultures have been shown to catalyze reductive transformations of CT (10, 11, 18, 19, 21) , there is no evidence of coupled energy generation.
Reductive dehalogenation reactions need not necessarily involve a complete enzyme system. Such reactions could also result from microbial production of suitable reduced compounds and, possibly, appropriate electron carriers. The latter components may allow reductive dehalogenation to occur at a significant rate when direct electron transfer to haloorganic targets is kinetically limited. Electron carriers shown to promote dehalogenation reactions in abiotic experiments or experiments with bacterial extracts include transition-metal macrocycles, e.g., porphyrins, corrinoids, or porphinoids, in which the metal center can assume two or more oxidation states. Various halogenated methanes and ethanes have been dehalogenated in the presence of iron porphyrins (22, 30) , corrinoids (3, 22, 28, 32, 33, 42) , or porphinoids (26, 28, 31) .
Although abiotic experiments have shown that reductive dehalogenation reactions can be catalyzed by biological electron carriers, there is much less evidence that such compounds are responsible for in vivo dehalogenation. Castro et al. indicated that cytochrome P-450CAM from camphor-grown Pseudomonasputida PpG-786 can dehalogenate 1,1,2-trichloroethane by oxidative and reductive pathways (8, 9) . There have been no other reports which directly link iron porphyrins or cytochromes to in vivo reductive dehalogenation. 3764 PICARDAL ET AL. bacterium that is capable of using a variety of oxidized compounds, e.g., nitrate, nitrite, and Fe(III), as terminal electron acceptors in the absence of oxygen (2, 24, 41 Fifty milliliters of the diluted suspension was dispensed into sterile serum bottles (60, 72, or 120 ml). The bottles were purged with oxygen-free nitrogen gas and crimp sealed with Teflon-coated stoppers (The West Company, Phoenixville, Pa.).
When Cl-released during CT dehalogenation was measured, cell pellets were resuspended in a chloride-free medium containing (per liter) 2.0 g of Na2SO4, 0.5 g of K2HPO4, and 1.842 g (20 mM) of glycerol at pH 7.2. Prior to resuspension, these cells were washed three times in the same medium to remove residual chloride. Glycerol was used as a substrate when chloride evolution was measured, since lactate interfered with Cl-measurements. Preliminary experiments showed that glycerol substitution did not affect dehalogenation rates.
Dehalogenation studies with periplasmic, cytoplasmic, or membrane cell fractions were done in 14.1-ml serum bottles containing 8.0 ml of the appropriate fraction and a N2 headspace. Fractions were prepared as described below. The membrane fraction was resuspended in 10 mM Tris (pH 7.5; Sigma Chemical Co.)-0.3 N NaCl-0.05 M MgSO4-0.01 M KCI (Tris salts buffer). Cytoplasmic and periplasmic fractions were dialyzed (Spectra/Por tubing; Spectrum Medical Industries) (12,000-to-14,000-molecular-weight cutoff) in the same solution overnight at 4°C prior to use.
Haloorganics were added to sealed serum bottles containing either whole-cell suspensions or cell fractions by inject- Experiments that measured release of Cl-were done at a higher initial CT concentration (117 p,M) to facilitate measurement of Cl-. Henry's law equilibria in accordance with published data (24) were verified in our system by preliminary gas chromatographic analysis of liquid and headspace samples (data not shown). Bottles were wrapped in aluminum foil and incubated horizontally on a shaker table (150 to 250 rpm). Transformation of CT was monitored over the next 10 to 14 days by analysis of the headspace using gas chromatography.
All experiments included two to three replicate control bottles. Preliminary work indicated that haloorganic losses in autoclaved and Hg-poisoned (2 g of HgCl2 per liter) cultures were identical to those in sterile-water controls. Since autoclaved controls were subject to contamination from repeated sampling and use of mercuric compounds presented handling hazards and disposal problems, sterile water was used in controls for the majority of experiments.
Bacterial suspensions were prepared for protein analysis by using the method described by Galli and McCarty (21) . Following alkaline digestion, bacterial suspensions were neutralized with 0.5 ml of 0.66 N HCl to reduce interference caused by high alkalinity. Protein was then measured by the Coomassie staining method described by Bradford (7) . Pro Headspace samples (100 p.l) were removed from reaction bottles by using Pressure-Lok gas-tight syringes (Dynatech Precision Sampling Corp.) equipped with Mini-Inert valves. Since gas-liquid phase equilibration of CT took 1 to 3 h, it was not possible to initiate measurements immediately following CT addition. The initial mass was, therefore, assumed to equal the mean value in replicate control bottles at the first sampling period, 6 to 10 h after addition of CT. Losses in controls were minimal for more than 200 h.
Chloride ion was analyzed with a Dionex QIC Analyzer equipped with a Dionex IonPac column (HPIC-AS4A) and a Dionex IonPac A64A guard column.
Cytochrome analyses and heme extraction procedures. Reduced (dithionite)-minus-oxidized (air) spectra of whole-cell suspensions or pyridine hemochromes were obtained on a Shimadzu UV-2101PC spectrophotometer equipped with an integrating sphere (22 to 24°C). Alkaline pyridine hemochromes were prepared from French press lysates or cell fractions by the method described by Fuhrhop and Smith (20) . A difference millimolar extinction coefficient (Ac) value of 21.7 mM-1 for reduced-minus-oxidized meso-IX pyridine hemochromes was used for quantification of heme c. The accuracy of this method of quantification was confirmed with horse heart cytochrome c (Sigma Chemical Co.). Hemes were extracted by the method described by Lanyi (34) .
Cell fractionation. Cytoplasmic, periplasmic, and membrane fractions were prepared by an EDTA-lysozyme protocol by the method described by Easter et al. (17) . Following separation of the periplasm and the spheroplast pellet, spheroplasts were resuspended in Tris salts buffer. Spheroplasts produced were ruptured by three passes through a French pressure cell, and unbroken cells or spheroplasts were removed by centrifugation at 8,000 x g for 10 min. The supernatant was stored on ice in a refrigerator for 8 h to allow membranes to reanneal. The suspension was then centrifuged at 45,000 x g for 6 h to separate membranes from the cytoplasmic fraction. The membrane pellet was resuspended in Tris salts buffer. All fractions were stored at 4°C until used.
Isocitrate dehydrogenase (ICDH), a cytoplasmic enzyme of the tricarboxylic acid cycle, and hexosamine, a modified carbohydrate located in the outer membrane, were used to measure separation efficiency in all fractions. ICDH activity was measured by a method described by Bergmeyer (4). The hexosamine assay was based on the method described by Glick (23) .
Determination Results of radiolabel experiments are summarized in Fig.  2 together with those of parallel experiments using unlabeled CT. For data presented as percentages, relative errors were determined by the chain rule described by Mickley et al. (37) . Although 51.0% of the CT was transformed in the experiment with unlabeled CT, only 38.4% + 5.5% of the transformed CT was converted to CF. Chloride ion production accounted for 91.2% + 15.3% of the CT lost, again suggesting that CT disappearance was accompanied by liberation of equimolar Cl-.
As shown in Fig. 2 , 71% + 9.5% of the [14C]CT label was recovered in the volatile fraction. The results of the parallel experiment with unlabeled CT suggest that the alkaline volatile fraction consisted of CF and untransformed CT. Total 14C02 was taken to be the difference between fractions C and D, i.e., 6,000 + 9,700 dpm. Since the relative error is large, it is possible that CO2 was not produced. The lack of complete dechlorination, indicated by Cl-data, also suggests that CO2 or CO was not a significant product. A total of 15% ± 2.8% of label was recovered in the alkaline nonvolatile fraction. Since label recovery was similar in the acidic nonvolatile fraction (fraction E), this label likely does not represent volatile organic acids, e.g., formate. After alkaline treatment, 10% ± 7.9% of label was cell bound.
Effects of changing cytochrome concentration on dehaloge- (1) . The CT biotransformation capacity of cultures grown under microaerobic conditions was severalfold greater than that of cells grown under highly aerobic conditions (Fig. 3) . After 78 h, 38% of the CT had been transformed in the microaerobically grown cultures versus 15% in the aerobically grown culture. Less than 30% of the transformed CT appeared as CF in either culture. No dichloromethane was detected in either case. The a-, 1-, and -y-maxima at 552, 523, and 422 nm, respectively, in reduced-minus-oxidized spectra (data not shown) indicate that c-type cytochromes were present in both aerobically and microaerobically grown cultures. However, much higher cytochrome concentrations were evident in cultures grown under microaerobic conditions (Table 1) .
Cytochrome concentrations were also manipulated by growth in an iron-free medium or a medium containing 8-aminolevulinic acid (ALA), a porphyrin precursor shown to increase heme content severalfold in some bacteria (16) . Cells grown in an iron-free medium under microaerobic conditions were able to establish reducing conditions, as demonstrated by their ability to decolorize resazurin (0.0001%) in the medium throughout the experiment; however, CT losses in bottles containing cultures were only slightly greater than in control bottles, and no CF was produced (Fig. 4) . When cells were grown under microaerobic conditions in medium supplemented with 0.15 mM ALA, all CT was transformed within 28 to 64 h, with significant CF production. It is apparent that such cultures are able to dehalogenate at greater rates than cultures grown in medium unamended with ALA. Reduced-minus-oxidized spectra of cultures grown either on ALA-amended or ironfree medium showed that cytochrome content in ALAamended cultures was notably higher than in iron-free cul-APPL. ENvIRON. MICROBIOL. Time, hrs tures (data not shown). The a-and 3-maxima were again characteristic of c-type cytochromes. Table 1 compares the specific heme c contents and initial rates of CT transformation by cultures grown under different conditions. Greater CT transformation rates were observed in cells with greater specific heme c contents, suggesting that there is a qualitative relationship between heme c content and CT transformation rate. Since this relationship exists when heme c content is altered either by medium manipulation or by variations in oxygen tension, it is unlikely that the increased ability of microaerobically grown cultures to transform CT results from production of some other, unidentified component.
Additional support for cytochrome involvement in dehalogenation by S. putrefaciens 200 was provided by the inhibitory affect of carbon monoxide, which binds to the reduced form of cytochrome oxidases and various other cytochromes (29) . In experiments in which the bottle headspace was purged with either CO or N2, CO was found to completely inhibit dehalogenation. Although 78% of the CT had been transformed within 55 h in bottles containing a nitrogen headspace, no dehalogenation occurred in bottles containing CO for the duration of the experiment (200 h).
Cytochrome characterization and cell fraction dehalogenation studies. The results of ICDH assays and hexosamine analyses for periplasmic, cytoplasmic, and membrane fractions for aerobically and microaerobically grown cultures are shown in Table 2 . The cytoplasmic and membrane markers, ICDH and hexosamine, segregated as expected, indicating good separation of different fractions. Most (96 to 98%) of the ICDH activity recovered was in the cytoplasmic fraction, indicating that cytoplasmic contamination of membrane and periplasmic fractions was minimal. Hexosamine was primarily (88 to 94%) recovered in the membrane fraction, with only 0 to 2.4% found in periplasmic fractions. The hexosamine found in the cytoplasmic fraction of aerobically grown cells suggested incomplete sedimentation of membranes from French press lysates of spheroplasts.
Heme c distribution in the various fractions is indicated in Table 2 . The specific heme c content for microaerobically grown cells was severalfold greater than for cells grown under highly aerobic conditions regardless of the fraction type. In both cases, the majority (51 to 62%) of measured hemes c were found in the periplasm. Aerobically and microaerobically grown cultures, respectively, possessed 77.5 and 63.3% of total cellular heme c in soluble fractions (periplasm and cytoplasm).
To better characterize the cytochrome complement of S. putrefaciens and to determine whether b-type cytochromes were present, spectral analyses of acid-acetone extractions of cytoplasmic, periplasmic, and membrane fractions were done. This extraction method removed noncovalently bound hemes. Such a separation permits detection of low concentrations of cytochrome b in the presence of high concentrations of cytochromes c. Cytochromes c (nonextractable hemes) were present in the periplasmic, cytoplasmic, and membrane fractions. a-Maxima, characteristic of cytochrome b, i.e., a maximum at 556 nm, were detected only in extractable membrane fractions. The presence of cytochrome b in whole-cell spectra may be masked by much higher concentrations of cytochrome c.
Whole-cell French press lysates of S. putrefaciens 200 were able to dehalogenate CT in the presence of lactate but not NADH (results not shown). Lactate was therefore used as the electron donor in subsequent measurements of the dehalogenation abilities of periplasmic, cytoplasmic, and membrane fractions of microaerobically grown cells. Although lactate-amended membrane and periplasmic fractions were able to dehalogenate CT, the cytoplasmic fraction was devoid of such activity (Fig. 5) . After 83.5 h, over 95% of CT in the membrane fraction had been transformed. Only 45% in the periplasmic fraction had been transformed over the same time period. Transformation by the cytoplasmic fraction was indistinguishable from that of controls. Similar CT transformation rates were obtained for the periplasmic and membrane fractions, i.e., 4.1 and 4.0 nmol of CT per h per mg of protein, respectively. These transformation rates are approximately 30% greater than those exhibited by microaerobically grown whole cells (Table 1) . CT clearly examine the effect of differences in cellular physiology that were attributable to growth conditions, e.g., cytochrome content, on dehalogenation capacity. This distinguished the present studies from the work of Criddle et al. (11) , in which dehalogenation of CT by Escherichia coli was studied under various electron acceptor conditions. These authors suggested that the dehalogenation capacity of E. coli was dependent on the nature of the reducing environment that resulted from growth under various electron acceptor conditions. S. putrefaciens 200 transformed CT to CF and soluble and cell-bound products that have not yet been identified. CO2 was not found to be a significant product of CT transformation. A Cl-mass balance suggests that products less chlorinated than CF are not formed. Criddle et al. found that reductive transformation of CT produced CF and CO2 in both biological (10, 11) and abiotic (12) systems. CO2 formation has been observed in the anaerobic dehalogenation experiments described by others (5, 6, 27, 35) . Although the mechanism of formation of CO2 by anaerobic organisms is obscure, one proposed route (12) involves a two-electron reduction of CT to form a dichlorocarbene that is subsequently hydrolyzed to form either CO or formate. Oxidation of the last two compounds could yield CO2. Since dehalogenation of CT by S. putrefaciens 200 does not involve significant production of volatile products other than CF, i.e., since CO or formate was not produced, there is no evidence to suggest carbene formation in these experiments.
The observed product distribution suggests that reductive transformation of CT is initiated by a one-electron transfer reaction that produces a trichloromethyl radical. Criddle and McCarty have described a set of competing reactions from the trichloromethyl radical (12 (39) . In both bacterial strains, the shift from aerobic to anaerobic or microaerobic growth resulted in a higher percentage of cytochromes in the membrane fractions. The percentage of total cytochromes c located in the membrane fraction of strain 200 increased from 22.5% for aerobically grown cells to 36.7% for microaerobically grown cells (Table 2) . Although periplasmic and membrane fractions contained over 85% of all cytochromes c found in S. putrefaciens 200, c-type cytochromes were also found in cytoplasmic fractions ( Table 2 ). Since hexosamine was also found in cytoplasmic fractions, probably as a result of harsh spheroplast treatment, the presence of cytochrome c in cytoplasmic fractions may represent contamination by membrane material.
The relationship between heme content and CT transformation rates shown in Table 1 is not linear; e.g., amendment of growth medium with ALA resulted in a >1.7-fold increase in heme c content but a 4.6-fold increase in protein-normalized transformation rates. The rates of CT transformation by cultures grown under different conditions were also not constant when normalized by total heme c content. These findings were expected if only certain cytochromes c were involved in biotransformation of CT. Although the quantification method that was utilized measured all c-type hemes, it did not distinguish between high-and low-potential proteins. If the low-potential cytochromes are more effective dehalogenating agents than high-potential cytochromes, measurement of low potential cytochrome c concentrations in the various culture types might provide a more consistent relationship with transformation rates.
Redox characteristics of purified cytochromes of S. putrefaciens 200 have yet to be determined. However, in the case of S. putrefaciens NCMB 400, Morris et al. observed that growth under microaerobic or anaerobic conditions resulted in production of low-potential c-type cytochromes not found in aerobically grown cultures (38) . The hypothesis that dehalogenation involves only a portion of the cellular cytochrome complement, i.e., low-potential cytochromes, is supported by the work of Meyer et al. (36) . These authors found a correlation between reduction rate constants and the redox potential of 12 homologous cytochromes and 10 homologous high-potential ferredoxins.
Qualified support for the involvement of respiratory, c-type cytochromes in dehalogenation of CT by S. putrefaciens 200 is provided by (i) CO inhibition of dehalogenation and (ii) the pattern of CT dehalogenation by cell fractions. Since binding of CO to cytochrome heme will prevent cytochrome function as an electron carrier, CO inhibition of dehalogenation is not unexpected. Since a similar inhibitory effect might be observed if CO blocked electron transport ahead of the point of dehalogenation, CO inhibition is only suggestive of cytochrome involvement. Periplasmic and membrane fractions were able to catalyze CT transformation, whereas cytoplasmic fractions were ineffective. Since periplasmic fractions were able to catalyze dehalogenation but did not contain b-type cytochromes, it appears that b-type cytochromes are not the major dehalogenating component. One may speculate that CT dehalogenation by strain 200 requires (i) a suitable electron carrier and (ii) the metabolic machinery necessary to maintain the electron carrier in a reduced state. Sufficient lactate dehydrogenase activity was apparently present in both periplasmic and membrane fractions to provide necessary reducing power. In mixed fractions containing cytoplasm and membranes, dehalogenation rates were proportional only to the amount of membrane fraction (results not shown). This suggested that the lack of dehalogenation in cytoplasmic fractions was due to the absence of a capable electron carrier and not to the lack of a suitable dehydrogenase.
The involvement of cytochromes in CT dehalogenation by P. putida PpG-786 was previously reported (9, 43) . This strain produced cytochrome P-450CAm, an enzyme involved in camphor hydroxylation, when grown on camphor but not on glucose. Dehalogenation of CT and other haloorganics including 1,1,2-trichloroethane was catalyzed by whole cells grown on camphor and by purified cytochrome P-450cAm.
Cells grown on glucose did not produce cytochrome P-450CAM and were unable to dehalogenate 1,1,2-trichloroethane.
The physiological significance of CT dehalogenation by S. putrefaciens 200 is currently obscure. The rate of electron transfer to CT by microaerobically grown cells was 0.11 nmol of electrons per min per mg of protein, based on a two-electron transfer for each molecule of CT transformed. This rate can be compared with measured rates of 4,280 and 2,960 nmol of electrons per min per mg of protein for electron transfer to°2 and Fe(III), respectively, by similar cultures (41a). Since rates of electron transfer to CT are comparatively low, it is unlikely that dehalogenation of CT could provide a significant source of energy for strain 200. A cometabolic description involving fortuitous CT reduction by reduced electron transport chain components, i.e., c-type cytochromes, appears more likely.
Further work will clarify the number and function of the various cytochromes produced by S. putrefaciens 200. Purification of cytochromes from membrane and periplasmic fractions will allow (i) characterization of redox properties of individual proteins and (ii) the testing of individual cytochromes in cell-free dehalogenation studies.
